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Spectral sequence of pseudo-narrowband images of LAB 1 from 4971.5 Å to 4999.0 Å created from the continuum subtracted MUSE datacube. Each image has a band-width of 2.5 Å and in order to enhance low-surface brightness features the images have been smoothed with a σ = 1 px (0.2″) Gaussian kernel. In each panel, we indicate the positions of known galaxies within the blob (see Sect. 2 and Fig. 1). Moreover, we show in each panel a scale that indicates 50 kpc in projection at z = 3.1 (6.49″). The morphological features described in Sect. 5.1 are indicated in the bluest image where they become visible. We also indicate that we trace Lyα emission ±3000 km s−1 around the central sources of LAB 1. North is up and east is to the left.
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Adaptive narrow-band image of LAB1. The image is the result of summing only over voxels in the continuum-subtracted datacube that have a S/N >  4 in the LSDCat cross-correlated datacube. For spaxels that do not contain voxels above this threshold we simply sum over 5 Å (four datacube layers) around 4985.6 Å (=(1 + zLAB1) × λLyα). As in Fig. 4, we masked sources where the continuum subtraction with a running median filter failed. In order to further enhance low-SB Lyα features, we smoothed the final image with a σ = 0.2″ Gaussian kernel. The photometric centre and the principal axis of the blob are indicated by a cyan cross and a cyan dashed line, respectively. Previously known galaxies at z = 3.1 are indicated using the same symbols as in Fig. 1.
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Apparent line-of-sight-velocity (left panel) and apparent velocity dispersion (right panel) as measured from Lyα using the first and second flux weighted moments (Eqs. (7) and (8)). Before the moment-based analysis was carried out, each layer of the datacube was spatially smoothed with a σ = 0.8″ Gaussian kernel. In each spaxel, only spectral bins above a S/N threshold of four in the LSDCat S/N datacube were used in the summations in Eqs. (5) and (6). Moreover, the displayed map shows only spaxels that have a maximum S/N >  6. Thin grey contours indicate surface-brightness levels SBLyα = [200, 100, 50, 25, 8.75] × 10−19 erg s−1 cm−2 arcsec−2 as measured in the adaptive narrow-band image (Fig. 5). The positions of confirmed galaxies within the blob are indicated with the same symbols as in Fig. 1. The photometric centre and the principal axis of the blob (see Sect. 5.2 and Fig. 5) are indicated by a green cross and a green dashed line, respectively. The horizontal cyan line in the upper right of each panel indicates a projected proper distance of 50 kpc.



    

  
    
      Fig. 10. 
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Detection of extended He IIλ1640 fuzz in three distinct regions within LAB 1. Top left: map of the maximal He II S/N after cross-correlation with a 3D Gaussian template (see Sect. 5.2). We show the maximum from the S/N datacube between λmin = 6719 Å and λmax = 6729 Å (i.e. ±5 Å around He II at z = 3.1). We label the three He II emitting regions “south”, “north”, and “LAB8” as indicated. Top right: adaptive He II narrow-band image. The creation of this image followed a similar procedure as for the adaptive Lyα narrow-band image (see Fig. 5 and Sect. 5.2), except that here, the adopted S/N analysis threshold is three, and the default band-width for non-detections above this threshold is set to three datacube layers. The adaptive narrow-band image was additionally smoothed with a σ = 1 px (0.2″) Gaussian kernel. Grey contours indicate Lyα surface-brightness levels SBLyα = [200, 100, 50, 25, 8.75] × 10−19 erg s−1 cm−2 arcsec−2 as measured in the adaptive narrow-band image (Fig. 5). In addition to the foreground galaxies in the west, where bright continuum-emission corroborated the median-filter subtraction continuum removal, we also masked out O III line emission from a z = 0.3 galaxy (at the northern edge of the image), and Hβ emission from a z = 0.4 galaxy (at the north-western edge of the image), as these highly significant emission lines coincide with the z = 3.1 He II emission. Bottom panels: He II spectral profiles extracted from the three regions “south” (bottom left panel), “north” (bottom centre panel), and “LAB 8” (bottom right panel). The black line is the spectrum and the grey line shows the propagated error from the variance cube. The bottom axis is given in velocities and the top axis indicates rest-frame wavelength, both for z = 3.1. The vertical dotted line indicates the rest-frame wavelength of He II (1640.42 Å). Extraction was performed by defining apertures connected regions of pixels above a S/N threshold of 6 in the maximum S/N map. For comparison we also show the Lyα profiles scaled by a factor of 10 (5) for the “south” (“north” and “LAB8”) regions as blue lines (for those profiles, only the bottom velocity axis is relevant).



    

  
    
      Fig. 11. 
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Non-detection of significant signal from C IV emission within LAB 1. Left panel: maximum S/N after cross-correlation with a 3D Gaussian template (see Sect. 5.2). Here the S/N cube was evaluated between λmin = 6345 Å and λmax = 6360 Å. Right panels: spectral extractions in the regions “south”, “north”, and “LAB 8”, where significant He II emission was detected (Fig. 10). In each of those panels, the black curve shows the extracted spectrum, while the grey curve shows the propagated noise from the variance datacube. Vertical dotted lines indicate the rest-frame wavelengths of the C IV doublet. We also show a smoothed version (Gaussian window, σ = 3 px) of the spectrum (blue curve), which suppresses the high-frequency and high-amplitude oscillations from systematic sky-subtraction residuals in this wavelength range.



    

  
    
      Fig. 12. 
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Region-by-region comparison of the polarisation fraction (P) derived from VLT/FORS2 observations, with the kinematic measurements of the Lyα emission derived in this paper. Left panel: P against the absolute value of the first moment (Eq. (7)), right panel: P against the second moment (Eq. (8)). Gray points show every spatial element for which P could be measured at better than 5 per cent (see Fig. 2 of Hayes et al. 2011). Blue points show the regions in which P is detected at significance better than 2-σ. Spearman’s rank correlation coefficient, ℛ, and the associated p-value (the likelihood with which a correlation of at least this magnitude arises purely by chance) are shown in each figure – p <  0.05 is generally considered significant. The histograms above each plot shows the distribution of properties from the lower abscissae, where the grey and blue colouring follows that of the lower figures. The values from the two-sample KS-statistic, and the associated p-value, are presented in each panel. These p-values of almost 1 show that the polarised spaxels are consistent with being drawn from the same distribution, and that the trends seen in the blue points of the lower figures are not the result of biased selection.
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Measured He II/Lyα ratios vs. upper limits on C IV/Lyα ratios for the three regions where we detect He II emission in the LAB (individually labelled black circles and error bars) in comparison to ratios or upper limits seen in other high-z sources with extended Lyα nebulae. The comparison includes the following objects from the literature: 61 high-z radio galaxies (labelled RG in the legend, with different symbols for the z <  3 and z ≥ 3 sources) from the compilation by Villar-Martín et al. (2007a); 17 radio-quiet quasars and two radio-loud z ∼ 3 quasars (labelled B16 – mostly upper limits in He II and C IV with only four sources with C IV detections, and with the two highest C IV/Lyα ratios coming from the radio-loud quasars) by Borisova et al. (2016); five extended 2 ≲ z ≲ 3 Lyα nebulae found in a blind broad-band search (labelled P13) from Prescott et al. (2013); the extreme Lyα nebulae around a z = 2.3 quasar MAMMOTH-1 from Cai et al. (2017); a z = 2.3 LAB from Scarlata et al. (2009a) that is detected only in He II (labelled S09); a faint (≈1042 erg s−1) extended nebulae found behind a gravitational lens (labelled C16) by Caminha et al. (2016); and an extended line emitting nebulae around a z = 2.5 radio-loud quasar (labelled H13) from Humphrey et al. (2013). We also show a track of a photo-ionisation model with varying ionisation parameter by Villar-Martín et al. (2007a) for a power-law spectral energy distribution with nH = 100 cm−3 and solar metallicity (labelled VM07 pi model – see text for details).
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Measured He II/Lyα ratios vs. upper limits on C IV/Lyα ratios for the three He II emitting regions in LAB 1 compared to hydrodynamic simulations from Cabot et al. (2016) and tracks of photo-ionisation models by Humphrey et al. (2019). The individual simulated LABs from Cabot et al. (2016) are colour-coded according to the star-formation rate of the galaxies within the LAB hosting halos. The Humphrey et al. (2019) photo-ionisation models are computed for low metallicity (Z = 0.01Z⊙) low-density gas in the circum-galactic medium of AGN host-galaxies (blue and green curve – see text) or Pop-III star-forming galaxies (orange curve). For the photo-ionisation models the ionisation parameter varies from U = 0.25 for the highest C IV/Lyα ratios to U ≈ −2.5 where C IV/Lyα = −3.



    

  
    
      Fig. 15. 
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Measured He II/Lyα ratios vs. upper limits on C IV/Lyα ratios for the three regions where we detect He II emission in the LAB compared to shock (left panel) and shock+precursor (right panel) models from Allen et al. (2008). We show all models for a constant magnetic parameter B/n1/2 = 3.23 μG cm−3/2. The grids are colour coded according to the density nH of the pre-shocked region and the shock velocity vs. We also show the predicted line-ratios from ab-initio hydro-dynamical simulations of z = 3 LABs by Cabot et al. (2016).
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